Mixtures of Zn-NiO with stoichiometric compositions were milled for different times in open-valve milling cups. Although the gradual reduction of nickel oxide with zinc occurred during one hour of milling, it was found that nanometric mixtures of ZnO and Ni 0.6 Zn 0.4 O appear after 72000 seconds (20 hrs) of milling with the crystallite size of Ni 0.6 Zn 0.4 O phase being about 22 nm. On the other hand, and under the ow of argon gas, narrow and intense peaks of ZnO and Ni 0.6 Zn 0.4 O were observed after isothermal heating of 1800 seconds milled samples at 1273 K. Electron microscopy observations and elemental analysis of the products con rm formation of ZnO nano-needles distributed in the nickel zinc oxide matrix.
Introduction
Ni 0.6 Zn 0. 4 O is a member of nickel zinc oxide materials with the general chemical formula Ni x Zn 1-x O wherein 0 < x < 1. It is already known that NiO and ZnO monoxides form Ni x Zn 1-x O solid solutions with x > 0.40. The coordination environment of the Zn 2+ sites in ZnO is suitable for nickel ions (Ni 2+ ) and this is the reason why NiO and ZnO form a solid solution. [1] [2] [3] The resulting complex structure depends on the x value. To the best of our knowledge, work on the solid state synthesis of such structures is quite limited. Kedesdy and Drukalsky reported previously using solid state reaction of ZnO and NiO through ring precursors in air at different temperatures up to 1523 K (1250 C) for about ve hours.
2) High quality Zn 1-x Ni x O nanorods were synthesized by a simple hydrothermal route at low temperature (413 K). 4) Physical, magnetic and optical properties of Ni-doped ZnO and Ni x Zn 1-x O solid solutions synthesized by addition of NiO (0-2.0 mol%) to ZnO is reported by different research teams. 1, [4] [5] [6] [7] [8] High energy mechanical milling and mechanochemical processes are, on the other hand, considered as simple and cost-effective techniques employed for preparation of nano-sized and nonocrystalline materials which can induce chemical reactions that do not normally happen at room temperature. [9] [10] [11] [12] Mechanochamical reactions have been the subject of investigations on displacement reactions between metal compounds and a reducing metal. [13] [14] [15] The effect of milling atmosphere on nature of the nal phases and kinetics of amorphization is studied by a number of researchers. [16] [17] [18] [19] For example, the dramatic effects of vial atmosphere and oxygen partial pressure on the transformation kinetics of α−Fe 2 O 3 reported by Zdujic et al. 17) Preparation of Ni x Zn 1-x O solid solutions using high energy ball milling is challenging because of the lack of information about the mechanochemical reaction in Zn-NiO binary system. The previous works on Zn-NiO system-done under vacuum conditions-revealed that traces of nickel phase appear after 1800 seconds (30 minutes) of high energy ball milling, with mixture of ZnO and Ni 0.6 Zn 0.4 O as the product of 72000 seconds (20 hrs) of milling. 20) The mechanochemical reactions are very sensitive to milling parameters such as type of mill, the mill speed, ball-topowder ratio, the vial atmosphere etc. In this scenario, the vial atmosphere and the possibility of presence of air is expected to play a major role during high energy ball milling of Zn-NiO mixtures. Therefore, new series of milling experiments are conducted under open-valve cups in this work to further understand the effect air atmosphere (oxygen) during ball milling runs on the reaction in Zn-NiO binary system and to evaluate the possibility of formation of Ni x Zn 1-x O during mechanical milling. The mechanical milling between NiO and Zn is studied under open-valve milling cups (presence of air during milling). The reaction products are characterized using DTA, XRD and SEM techniques.
Experimental Procedure
Mixtures of nickel oxide (JCPDS No.47-1049) and zinc powder (JCPDS No. 004-0831) with stoichiometric composition were prepared based on the reaction (1).
The stoichiometric compositions of raw materials (53.3% wt. of nickel oxide and 46.7% wt. of zinc powder) were mechanically milled in an open-valve cup using planetary ball mill (Farapazhouhesh, FP2 model) for different milling times. 4.8 grams of raw mixtures with stoichiometric compositions plus 192 grams of balls (six balls) were put into a 125 mL milling cup. Each milling cup has two valves and both valves of each cup were left open during milling operations. The milling conditions for all runs were: rotation speed of 600 rpm, high-chromium steel balls (20 mm diameter), high-chromium steel milling chamber and ball-to-powder weight ratio of 40:1. Milling conditions were chosen based on previous works of the autors 20) . The open-valve cups provide the possibility of penetration of air atmosphere and air circulation into the cups during milling runs. Therefore, the owing air can affect the reduction mechanism of nickel oxide by zinc powder with increasing milling time.
Isothermal runs were performed in a tubular furnace (Lenton, LFT, 16-180) with the sample being held at different temperatures for 3600 seconds (1 hr) and then allowed to cool to room temperature all under the ow of high pure argon.
Differential thermal analysis (DTA) was carried out on milled mixtures at the heating rate of 10 K/min up to 1373 K under the ow of high purity argon using thermo gravimetric analyser (Netzsch STA 409 PC/PG). Products were analysed using X-ray diffraction (XRD, Philips Analytical, Co-Kα radiation, 40 kV, 40 mA, X Pert APD) over a 2θ range of 35-90˚ using a step size of 0.05˚. The microstructure analyses of as-milled and the isothermal heated samples were studied using eld emission scanning electron microscope (FESEM, TESCAN MIRA3 LMU).
The 1800 second (30 minutes) milled samples of Zn-NiO mixtures were also prepared and then heated isothermally at 673 K (400 C) and 1273 K (1000 C) under a constant ow of high pure argon atmosphere and the phase evolution was studied using XRD and FESEM analyses. Figure 1 shows the XRD patterns of stoichiometric raw mixture and as-milled Zn-NiO mixtures at different milling times. Sodium nitrate impurities with low intensity peaks were observed in XRD pattern of raw materials. New peaks start to appear in 3600 seconds milled (1 hr) sample. The new peaks at about 2θ = 52
Results and Discussion
• corresponding to nickel phase (JCPDS No. 004-0850) and at about 2θ = 37
• and 2θ = 42 21) The XRD pattern of one hour-milled sample (Fig. 1 ) justi ed the thermodynamics results. Thermodynamics calculations 21) show also ∆H (101) peaks are very close to each other. However with studying the evolution of those peaks with increasing milling time (changes in those peak position and their shifts to lower degrees in Fig. 1 ), it is concluded that the peak at about 2θ = 50
• belongs to Ni 0.6 Zn 0.4 O phase. The patterns in Fig. 1 also reveal peak broadening and a decrease in the relative intensities of the major peaks after 36000 seconds (10 hours) of milling. The peak broadening and the decrease in the peak intensities are the signs of crystallite size reduction or amorphization of the phases during milling.
Previous works showed the reduction of nickel oxide with zinc during high energy ball milling under vacuum condition and the reaction progressed gradually with increasing milling time. 20) Figure 1 shows that the same scenario can happen in open-valve milling too. Although ZnO peaks appear after 3600 seconds (1 hr) milling, these peaks tend to weaken with increasing milling time so that after 36000 seconds (10 hrs) of milling, the major peaks are replaced with those of Ni 0.6 Zn 0.4 O phase.
Stoichiometric mixtures of NiO and Zn were prepared and milled separately for 72000 seconds (20 hrs) in vacuumed and open-valve cups. The weak peaks of nickel (Fig. 2) are observed in the XRD spectrum corresponding to vacuum ball milling condition while open-valve condition reveals no sign of nickel peaks. The absence of nickel phase reveals that either nickel reacts with zinc oxide or nickel phase becomes amorphous while milling in air atmosphere (open-valve con- • from well-known Scherrer formula while the microstrain was computed using the eq. (2) 22) .
In the eq. (2), β 1/2 is the full-width at half-maximum of (200) peak, (i.e. 2θ = 50.178
• , the main peak of Ni 0.6 Ni 0.4 O phase), and θ is the Bragg angle. Table 1 . 75-0273 ). Therefore the changes of peak position at about 2θ = 50
• and its shift to lower degree in the XRD results of Fig. 1 can be related to formation of Ni 0.6 Zn 0.4 O phase. Table 1 shows that milling in presence of air does not lead to the amorphization of the product phases. Therefore the absence of nickel peaks in the XRD pattern of the open-valve cup (Fig. 2) can be due to the reaction between nickel and zinc oxide during milling cups which consumes the nickel phase. Figure 3 shows the DTA analyses of the 3600 seconds (1 h) and 72000 seconds (20 hrs) of as-milled samples in openvalve cups. Our previous work showed that the DTA analysis of raw (un-milled) Zn-NiO powder mixture contains two endothermic and two exothermic peaks. The endothermic peaks which arise at 563 K (290 C) and 693 K (420 C) belong to impurity removal and melting of zinc respectively while exothermic ones correspond to reduction of zinc (908 K) and formation of Ni 0.6 Zn 0.4 O (1233 K). 20) DTA curves of the milled samples presented in Fig. 3 reveal no sign of zinc melting at about 693 K which means that zinc particles have been consumed during reduction of NiO to Ni in agreement with XRD ndings (Fig. 1) . Since the reduction of NiO by Zn is exothermic as stated before; therefore the reduction reaction of nickel oxide by zinc can occur during milling. On the other hand, Ni 0.6 Zn 0.4 O phase can obtain form a reaction between the products of reaction (1) and then the ZnO/Ni 0.6 Zn 0.4 O mixture formation progresses gradually during further milling.
The results of milling runs in open-valve cups showed that the reduction of nickel oxide using zinc can take place in less than 3600 seconds (1 hr). Therefore in order to explore the possibility of obtaining ZnO/Ni 0.6 Zn 0.4 O mixture using heat treatment of as-milled sample, the 1800 seconds-milled (30 minutes) samples were heated isothermally at two different temperatures (673 K and 1273 K) for 3600 seconds (one hour) under the ow of high pure argon atmosphere. XRD results (Fig. 4) disclose the presence of zinc oxide and nickel phase in the products heated at 673 K. The presence of nickel phase can be attributed to the reduction of remained nickel oxide to nickel phase during isothermal heating under the ow of argon. With annealing samples at 1273 K (Fig. 4) , the peak positioned at about 2θ = 50
• shifts to lower degrees. This is an indication of substitution of Ni (ionic radius: 0.69 Å) with Zn (ionic radius: 0.74 Å) 3) and formation of the SEM morphology of the 72000 seconds (20 hrs) as-milled sample and the isothermally-heated (Argon ow) 1800 seconds milled Zn-NiO mixtures are depicted in Fig. 5(a) and 5(b), (c) respectively. The 72000 seconds as-milled sample is comprised of ZnO nano-needles distributed in the Ni 0.6 Zn 0.4 O matrix. On the other hand, isothermal heating at 673 K and 1273 K triggers the grain growth phenomena in 1800 seconds (30 min) milled powders. Excessive particle growth is observed after treating the material at 1273 K, with particles reaching to micro-scale with fully crystallized products as it was obvious in XRD spectra, Fig. 4 . 
